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Chemicals in aquatic environments may lead to impairment of ﬁsh reproduction, but some species
display plasticity levels to survive and reproduce in such localities. We investigated the reproductive
cycle in a teleost species, Hoplias malabaricus, which inhabits a variety of environments with different
degrees of pollution. Adult females were sampled at two locations in São Paulo State (Brazil), the
reference Ponte Nova (PN) reservoir and the polluted Billings (BIL) reservoir. Metabolic and endocrine
processes were analyzed throughout the annual cycle with special attention to ovarian histology, gonado-
somatic index (GSI), fecundity, ovarian energetic substrates and plasma steroids analyses, in addition to
physical and chemical analyses of the water. Pollutants were frequent in BIL but not in PN. The GSI,
including the predominance of vitellogenic oocytes, was higher in spring and summer in both locations,
but the oocyte recruitment dynamics was different. During winter, females from BIL presented vitello-
genic oocytes and high levels of 11-ketotestosterone, which indicated precocity in the vitellogenic phase
in relation to the females from PN. In animals from PN, high deposition of lipids occurred in the ovaries.
However, plasma estradiol levels did not vary throughout the annual cycle. In animals from BIL, plasma
estradiol levels peaked during the summer, but the ovarian lipid content remained unchanged through-
out the year. The data suggest that the presence of pollutants cause various endocrine and metabolic
responses and especially affects reproductive plasticity, which could explain why H. malabaricus survives
under unfavorable environments.
 2014 Elsevier Inc. All rights reserved.
1. Introduction
Anthropogenic activities, such as industrialization, agriculture
and urbanization are major sources of pollution in aquatic ecosys-
tems, mainly due to the wide range of chemical compounds
discharged from industrial and domestic sewage. It is well estab-
lished that these pollutants have the ability to disturb animal phys-
iology, speciﬁcally the endocrine system (Goksøyr, 2006). In recent
decades, many studies have shown that chemical compounds can
cause reproductive and developmental dysfunctions in ﬁsh,
amphibians, reptiles (Kime, 1995; Mosconi et al., 2002; Khan and
Law, 2005), birds and mammals (Tanabe, 2002).
Development, growth and reproduction are considered to be
the processes most susceptible to environmental stressors
(Goede and Barton, 1990), and ﬁsh are considered important
biomonitors of reproductive disorders caused by the actions of var-
ious chemicals (Kime, 1999). Many of these compounds are xeno-
biotics that can affect reproduction by changing the synthesis,
transport, metabolism and activity of steroid hormones (Van Der
Kraak et al., 1998), thereby acting as endocrine disrupting com-
pounds (EDC). EDCs can promote alterations in secondary sexual
characteristics, reproductive behavior, onset of puberty, gonad
morphology, vitellogenin production, sperm quality, gonadal
development delay and inhibition of responses to pheromones
(Kime, 1999; Moncaut et al., 2003; Mills and Chichester, 2005;
Hued et al., 2013).
Such environmental alterations can affect the entire lifespan,
and ﬁsh must adjust to new environmental conditions in order to
survive and reproduce; speciﬁc responses to environmental
changes depend on the reproductive strategies and tactics of each
species (Agostinho et al., 1999). Reproductive strategy implies the
set of features that a species presents to ensure successful repro-
duction. However, alterations in environmental conditions may
http://dx.doi.org/10.1016/j.ygcen.2014.10.008
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trigger changes in some characteristics of the original strategy of a
particular species, called reproductive tactics, which are variable
and possess a different degree of plasticity depending on the spe-
cies. Among the most common physiological tactics presented by
ﬁsh, the following can be mentioned: metabolic substrate use;
length of ﬁrst maturation; sexual proportion; type, area and period
of spawning; oocyte development type (asynchronous or group-
synchronous); and diameter and number of oocytes ovulated
(fecundity) (Wootton, 1989; Vazzoler, 1996).
The impact of water pollution on ﬁsh and other aquatic commu-
nities has been well documented in various neotropical water-
sheds (Mangeaud, 1998; Pompeu and Alves, 2003; Cazenave
et al., 2005; Hued et al., 2006; Kirschbaum et al., 2009; Fedato
et al., 2010), and many laboratory studies have examined the
effects of exposure to speciﬁc chemicals on ﬁsh physiology (Jones
and Reynolds, 1997; Robinson et al., 2003; Correia et al., 2010;
Simonato et al., 2011; Nascimento et al., 2012; Vieira et al.,
2013). However, only few studies have evaluated the effects of pol-
lution present in rivers and reservoirs on ﬁsh reproductive
physiology.
Hoplias malabaricus (Bloch, 1794) is an essentially piscivorous
Neotropical ﬁsh species with a wide geographic distribution in
all hydrographic watersheds in South America except in transan-
dine areas and Patagonian rivers (Fowler, 1950; Godoy, 1975;
Oyakawa, 2003). H. malabaricus is generally well established in len-
tic environments (Oliveira, 1994), and the wide dispersion of this
species in different locations is due to its ability to survive in hyp-
oxic environments and tolerate long periods of fasting (Barbieri,
1989). Additionally, another important characteristic that reﬂects
its adjustment to the conditions imposed by the environment is
its high plasticity for reproduction (Marques et al., 2001). The wide
distribution of H. malabaricus makes this species a good bioindica-
tor (Van der Oost et al., 2003; Lins et al., 2010), and its high repro-
ductive plasticity is an ideal feature for evaluating the role of
pollutants in reproductive tactics of ﬁsh in wild environments.
Therefore, we hypothesized that the intense anthropogenic activi-
ties occurring in a tropical reservoir trigger alterations in the pat-
tern of ovarian steroid hormone synthesis, changing gonadal
maturation throughout the reproductive cycle of H. malabaricus.
2. Materials and methods
2.1. Study area
Two sampling stations with different degrees of anthropogenic
activity were selected in the Tietê sub-Basin, in São Paulo State
(Brazil) (Fig. 1a and b). Billings Reservoir (BIL) (Fig. 1c) is located
in the metropolitan region of São Paulo and is characterized by
intense anthropogenic action, such as the discharge of domestic
sewage and industrial efﬂuents, deforestation, and extensive land
use. This reservoir has 7 branches, presenting biotic communities
and pollution spatially differentiated. In the present study, sam-
plings were obtained from the Taquacetuba branch
(2348016.500S; 4638033.2600W) (Fig. 1c), a region of great impor-
tance for the public water supply, but considered to be in a hype-
reutrophic state due to high urbanization and cyanobacterial
blooms (Moschini-Carlos et al., 2010). The Ponte Nova Reservoir
(PN) (Fig. 1d) is located at the Upper Reaches of the Tietê River
Basin (2334036.500S; 4554023.900W). This headwaters region, cho-
sen as a reference location, is occupied by the Atlantic Forest, with
a predominance of riparian vegetation and lowland along the
waterway, assembling watershed areas that contain partially
preserved regions (Marceniuk and Hilsdorf, 2010).
2.2. Physical and chemical variables of water and sediment
To evaluate water quality conditions of each reservoir, water
and sediment samples were collected in each season (summer:
December–March; autumn: March–June; winter: June–
September; spring: September–December) throughout the year
Fig. 1. (a, b) Map of Tietê sub-Basin, in São Paulo State (Brazil), showing the location of sampling sites: (c) the Ponte Nova (PN) reservoir, the reference location, and (d) the
Billings (BIL) reservoir, the polluted environment, highlighting the Taquacetuba branch.
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2012 for the analysis of physical and chemical variables (Nova
Ambi Ltda laboratory following the Standard Methods, 21th ed.)
(Clesceri et al., 1998). The following physical and chemical vari-
ables were measured: temperature (C), dissolved oxygen (mg/L),
pH, total organic carbon (mg/L), dissolved organic carbon (mg/L),
chlorophyll-a (lg/L), fecal coliforms (NMP/1000 mL) (e), soluble
phosphorus (mg/L), total phosphorus (mg/L), nitrites (mg/L),
nitrates (mg/L), total cadmium (mg/L), total lead (mg/L), total cup-
per (mg/L), total chrome (mg/L), total mercury (mg/L), total nickel
(mg/L), total zinc (mg/L), and organophosphates and organochlo-
rines (lg/L) in the sampled water. Additionally, total cadmium
(mg/kg), total lead (mg/kg), total copper (mg/kg), total chrome
(mg/kg), total mercury (mg/kg), total nickel (mg/kg), total zinc
(mg/kg), and organophosphates and organochlorines (lg/kg) were
analyzed in the sediment. The Trophic State Index (TSI) was calcu-
lated using the data for chlorophyll-a, according to the equation of
Lamparelli (2004). The Aquatic Life Index (ALI) was also calculated
based on the presence of pollutants, pH, dissolved oxygen and TSI,
according to Zagatto et al. (1999).
2.3. Sampling procedures
H. malabaricus adult females were collected in both reservoirs in
all seasons throughout the year 2012 (summer, autumn, winter
and spring) using gillnets. Sampling procedures were performed
in the ﬁeld immediately after capturing the animals. First, the
females were anesthetized with 1 g of benzocaine, which was
previously dissolved in ethanol (10 mL), and a blood sample was
collected from the caudal vein using heparinized syringes. After-
wards, blood samples were centrifuged at 655.2g for 5 min, and
the plasma was stored at 80 C. Animals were killed by sectioning
the spinal cord, as approved by the Animal Ethics Committee of the
University of São Paulo (Protocol No154/2012), and morphometric
and ponderal data were recorded (Table 1). After dissection, ova-
ries and liver were removed and weighed to calculate the gonado-
somatic index (GSI = [gonad weight/body weight]  100) and the
hepatosomatic index (HSI = [liver weight/body weight]  100),
respectively, and stored at 80 C for posterior analysis. The mac-
roscopic scale of ovarian maturation used was as follows: early
maturation, intermediate maturation, and advanced maturation.
These stages were previously identiﬁed by Vazzoler (1996) for
the general macroscopic scale and by Caramaschi et al. (1982) for
the speciﬁc macroscopic scale of H. malabaricus.
2.4. Histological analysis
Samples from the middle third of the ovaries were removed,
ﬁxed by immersion in Bouin’s solution for 24 h at room tempera-
ture and then transferred to ethanol (70 GL). Next, the samples
were dehydrated through a series of increasing concentrations of
ethanol, cleared in dimethylbenzene solution and embedded in
Paraplast (Erv-Plast; Erviegas Instrumental Cirúrgico, São Paulo,
Brazil), according to routine histological procedures. Ovary
sections (5 lm) were obtained, mounted on Poly-L-Lysine solu-
tion-coated slices, and stained with periodic-acid-Schiff (PAS)/
hematoxylin/metanil yellow (Quintero-Hunter et al., 1991). Addi-
tionally, for a more detailed analysis of ovarian development, some
samples were embedded in historesin (Leica HistoResin), and ovary
sections (2–3 lm) were stained as described above. The sections
were then examined and documented using a computerized image
analyzer (Leica DM1000 light microscope, Leica DFC295
photographic camera and image capture Leica Application Suite
Professional, LASV3.6).
Based on different phases of oocyte development (oocyte
growth) and the criteria described in Table 2, adapted from Dias
et al. (1998) and Honji et al. (2006), the maturation stage of ovary
development in H. malabaricus was established. The frequency and
predominance of each oocyte growth phase and derived structures
(such as postovulatory follicles) were determined according to the
analysis of each animal and taken into consideration when deter-
mining the classiﬁcation of the stages of ovary maturation.
2.5. Fecundity and oocyte diameter
Absolute fecundity is deﬁned as the number of oocytes released
at each spawning event (Vazzoler, 1996) and was calculated
according to Vazzoler (1981). Ovary samples were immersed in
Gilson’s solution (Simpson, 1951) and stored for 30 days for the
dissociation of the tissue around the oocytes. The diameter and
number of oocytes were examined and documented using the
same computerized image analyzer described above (histological
analysis), using three sub-samples taken with a 2 ml Stempel pip-
ette (Hensen Stempel Pipette™ 1806 series; Wildlife Supply Com-
pany, Florida, USA).
2.6. Tissue composition
The moisture levels of the ovaries and liver were determined by
thermal drying 50–70 mg of tissue to constant weight in an oven at
60 C. Sample weight was recorded before drying and, after
removal from the oven, cooled in a desiccator, and moisture was
expressed as a percentage of wet weight. Total lipids were
extracted from liver and ovaries with a mixture of chloroform,
methanol and water (2:1:0.5) according to Folch et al. (1957),
modiﬁed by Parrish (1999) for aquatic organisms. The total lipid
content of tissues was quantiﬁed by the enzyme-colorimetric
Table 1
Body mass and length of H. malabaricus females from PN and BIL throughout the year
(Mean ± SEM).
Reservoir Season n Maturation
Stage
Body weight (g) Total length
(cm)
PN Summer 6 Advanced 621.2 ± 232.02 36.5 ± 4.96
Autumn 4 Early 623.0 ± 171.80 36.5 ± 2.67
Winter 5 Intermediate 571.6 ± 183.37 35.5 ± 3.22
Spring 6 Advanced 506.6 ± 67.57* 33.8 ± 3.91*
BIL Summer 6 Advanced 601.4 ± 201.55 37.5 ± 6.40
Autumn 11 Early 631.2 ± 209.47 36.5 ± 4.69
Winter 5 Intermediate/
advanced
792.2 ± 293.88 38.5 ± 4.50
Spring 5 Advanced 896.0 ± 317.90# 40.8 ± 4.17#
*,# Different symbols represent signiﬁcance differences between reservoirs in the
same season (ANOVA, P < 0.05).
Table 2
Classiﬁcation of ovarian maturation stage based on phases of oocyte development of
H. malabaricus females from PN and BIL throughout the year.
Reservoir Season Phases of oocyte development Maturation stage
PNO COA VO AO POF
PN Summer + ++ +++ + + Advanced
Autumn +++ +  +  Early
Winter ++ ++  +  Intermediate
Spring + ++ +++ + + Advanced
BIL Summer + ++ +++ + + Advanced
Autumn +++ +  +  Early
Winter + +++ + +  Intermediate/
advanced
Spring + ++ +++ + + Advanced
PNO: perinucleolar oocyte; COA: cortical alveoli oocyte; VO: vitellogenic oocyte;
AO: atretic oocyte; POF: postovulatory follicles; +: current; ++: frequent; +++:
predominant; : absent.
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method described by Frings et al. (1972) using cod liver oil (Sigma
Diagnostics INS) to yield the standard curve and expressed as mg/g
of dry mass. Total proteins were extracted from ovaries by precip-
itation and solubilization according to Milligan and Girard (1993).
Tissue protein content was analyzed by the colorimetric method of
Lowry et al. (1951), using bovine serum albumin to develop the
standard curve (Sigma Diagnostics, St. Louis, MO, USA), and
expressed as mg/g of dry mass.
2.7. Plasma levels of ovarian steroids
The plasma levels of 17b-estradiol (E2), 17a, 20b-dihydroxy-4-
pregnen-3-one (17a, 20b-DHP) and 11-ketotestosterone (11-KT)
were quantiﬁed by an enzyme-linked immunosorbent assay
(ELISA) with commercial kits (Cayman Chemical Company, Michi-
gan, USA). The analyses were performed according to the manufac-
turer’s instructions, with samples assayed in duplicate; a standard
curve was run for each ELISA plate; and the absorbance measure-
ments were performed in a microplate reader (Spectra Max 250
Molecular Devices). The detection limit of the assay was 19 pg/
mL for E2, 15 pg/mL for 17a, 20b-DHP and 1.3 pg/mL for 11-KT.
Plasma validation for H. malabaricus was assessed by computing
intra and inter-assay coefﬁcients of variation (CVs); after log trans-
formation, these were 0.74% and 3.89% for E2, 1.56% and 7.62% for
17a, 20b-DHP, and 0.30% and 10.47% for 11-KT (Mills et al., 2010).
2.8. Statistical analysis
The data are expressed as the mean ± SEM (standard error of the
mean). Comparisons between animals from both environments
throughout the year were performed by two-way analysis of vari-
ance (ANOVA), followed by the Holm–Sidak multiple comparison
test. The signiﬁcance level adopted was 95% (P < 0.05). Statistical
analyses were performed using the software SigmaStat for
Windows version 3.5 (Systat Software, San Jose, CA, USA).
3. Results
3.1. Physical and chemical variables of water and sediment
The physical and chemical variables of the water in the BIL res-
ervoir had values close to or above the values allowed by Brazilian
regulations, such as for chlorophyll-a, total and soluble phosphorus
throughout the year and nitrate and metals in autumn and winter.
By contrast, for the PN reservoir, the values for few parameters
were above the allowed values (Table 3). In the sediment samples,
all metals analyzed were higher in BIL than in PN throughout the
year, whereas organophosphate (diazinon, disulfoton and couma-
phos) levels were also higher in BIL, but only during autumn. The
TSI and ALI values indicated that PN has good water quality,
whereas BIL was considered a hypereutrophic reservoir with poor
water quality (Table 3).
3.2. GSI and HSI
The GSI of females in both reservoirs differed signiﬁcantly
throughout the year, presenting a lower index in autumn and win-
ter than in summer and spring (P < 0.02 for PN; P < 0.01 for BIL)
(Fig. 2a). However, the increase observed during spring was more
signiﬁcant in females from PN than from BIL (P = 0.032) (Fig. 2a),
due to the higher body mass of BIL females only in this season
(Table 1). Additionally, BIL females had a lower HSI in autumn than
in summer (P = 0.009) (Fig. 2b), whereas in PN females, the HSI was
unchanged throughout the year. During the winter, the HSI was
slightly increased in BIL females and was higher than the HSI found
in PN animals (P = 0.025) (Fig. 2b).
3.3. Histological analysis
Based on oocyte growth and maturation, the stage of ovarian
development was determined during the reproductive cycle and
Table 3
Physical and chemical variables of water and sediment samples from PN and BIL throughout the year.
Variables CONAMA PN BIL
Summer Autumn Winter Spring Summer Autumn Winter Spring
Water
Temperature (C) – 21.5 18.8 16.3 23.3 24.0 20.2 17.3 25.5
Dissolved oxygen (mg/L) >5.0 6.8 8.0 7.7 5.8 7.5 10.0 8.4 9.52
pH 6.0–9.0 6.8 6.9 6.7 6.8 9.0 8.8 7.8 9.4*
Chlorophyll-a (lg/L) 10 <10.0 <10.0 <10.0 <10.0 25.6* 28.7* 17.5* 34.4*
Total phosphorus (mg/L) 0.01 0.12* <0.05 <0.05 <0.05 0.48* 0.1* <0.5 0.15*
Soluble phosphorus (mg/L) 0.02 0.76* – <0.01 <0.01 0.12* – <0.01 0.17*
Nitrate (mg/L) 10.0 <0.1 <0.03 <0.03 0.16* <0.1 0.07 0.24* 0.17*
TSI – 63.62 62.35 62.35 62.35 69.01 68.74 67.52 70.79
Total cadmium (mg/L) 0.001 <0.005 <0.005 <0.005 <0.005 <0.005 0.005* <0.05 <0.005
Total lead (mg/L) 0.01 <0.01 <0.01 <0.01 <0.01 <0.01 0.06* <0.1 <0.01
Total copper (mg/L) 0.009 <0.005 <0.01 <0.01 <0.01 <0.005 0.01* <0.1 <0.01
Total mercury (mg/L) 0.0002 <0.0002 <0.0002 <0.0002 <0.0002 <0.0002 0.0002 0.27* 0.002*
Total nickel (mg/L) 0.025 <0.01 <0.01 <0.01 <0.1 <0.01 0.01 0.11* <0.01
ALI – 3.2 3.2 5.6 3.2 7.6 12.2–14.8 11.2–14.8 12.2–14.8
Sediment
Diazinon (ug/kg) – <50.0 <50.0 <50.0 <50.0 <50.0 230.0 <50.0 <50.0
Disulfoton (ug/kg) – <50.0 <50.0 <50.0 <50.0 <50.0 90.0 <50.0 <50.0
Coumaphos (ug/kg) – <50.0 <50.0 <50.0 <50.0 <50.0 310.0 <50.0 <50.0
Total cadmium (mg/kg) 0.6 <0.5 <0.5 <0.5 1.17* 5.65* 0.5 0.7* 5.13*
Total lead (mg/kg) 35.0 15.2 <1.0 29.1 29.2 85.1* 13.4 101.0* 99.2*
Total copper (mg/kg) 35.5 <5.0 <5.0 11.1 9.33 184.0* 29.5 271.0* 184.0*
Total chrome (mg/kg) 37.3 <5.0 <5.0 32.9 9.40 85.1* 10.7 272.0* 76.2*
Total mercury (mg/kg) 0.17 <0.5 <0.05 <0.05 0.054 0.93* 0.62* 0.24* 0.69*
Total nickel (mg/kg) 18.0 <5.0 <5.0 <0.5 6.19 90.5* 15.6 136.0* 87.6*
Total zinc (mg/kg) 123.0 6.88 11.7 44.5 51.4 381.0* 77.5 600.0* 445.0*
* Different symbols represent parameters that exceeded the values allowed by Brazilian Regulations (CONAMA 357). – values not found. TSI – Trophic State Index. ALI –
Index of water quality for the protection of aquatic life (Aquatic Life Index). The parameters with values below the Brazilian Regulations are not presented in table.
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no differences were observed among individuals within this envi-
ronment. Microscopic analysis allowed the identiﬁcation of the fol-
lowing phases of oocyte development: perinucleolar oocyte (PNO)
(Fig. 3a), cortical alveoli oocyte (CAO) (Fig. 3b), vitellogenic oocyte
(VO) (Fig. 3c) and atretic oocyte (AO) (Fig. 3d) and another struc-
ture, the postovulatory follicle (POF) (Fig. 3e). Considering the
presence of the different oocyte phases and POF, the classiﬁcation
of the maturation stages of the ovaries used in the present study
was as follows: early, intermediate, and advanced maturation
(Table 2).
In general, H. malabaricus ovaries presented oocytes in the early
and intermediate stages of development (PNO and CAO) during
autumn and winter, whereas in the warmer months, there was a
predominance of VO in females from both reservoirs (Table 2).
Similarly, POFs were observed in the ovaries of females from both
reservoirs during summer and spring (Table 2). However, during
winter, the proportion of oocytes in each development stage dif-
fered between reservoirs, with a higher frequency of CAOs fol-
lowed by VOs in BIL females, while CAOs were quite rare and
VOs were absent in PN animals (Fig. 3f–g and Table 2).
3.4. Fecundity and diameter oocytes
Owing to the absence of VOs in H. malabaricus from PN during
autumn and winter, the absolute fecundity was zero in animals
sampled in these seasons and was signiﬁcantly different from
females collected during summer and spring (P = 0.010 and
P = 0.002, respectively) (Table 4). In BIL females, VOs were not
present in the ovaries only during autumn. Therefore, the absolute
fecundity in these animals differed signiﬁcantly from the females
sampled during other seasons (P < 0.001) (Table 4). The same dif-
ference was found in the percentage of the vitellogenic batch in
both reservoirs throughout the year (P < 0.001) (Table 4). Addition-
ally, the opposite was observed for the percentage of residual
oocytes (P < 0.001) (Table 4), reaching 100% in PN during autumn
and winter and in BIL in autumn. Although VOs were observed in
BIL females during winter, these VOs presented a smaller diameter
than those found in ovaries sampled in spring and summer
(P = 0.002 and P = 0.001, respectively) (Table 4).
In relation to the environment, absolute fecundity and the per-
centage of vitellogenic batches of oocytes were higher in females
from BIL than from PN in the winter (P = 0.029 and P = 0.012,
respectively) (Table 4). However, in spring, there was a higher per-
centage of vitellogenic batches and, consequently, a lower percent-
age of residual batches of oocytes in the ovaries of the animals
sampled in PN than in BIL (P = 0.005 and P = 0.002, respectively)
(Table 4). The distribution analysis of the oocyte diameter fre-
quency (%) in H. malabaricus in the mature stage in PN showed
many batches mainly in spring, whereas the BIL females presented
many batches in summer and spring (Fig. 4a–d), characterizing a
group-synchronous oocyte development, with multiple spawnings
during these seasons.
3.5. Tissue composition
The moisture percentage in the ovaries of BIL females decreased
during the spring, mainly in relation to summer (P = 0.001)
(Fig. 5a). This change resulted in a signiﬁcantly higher percentage
of moisture in the ovaries of females sampled in PN than in BIL
(P = 0.001) (Fig. 5a). However, during autumn and winter, there
was a decrease in the lipid content in the ovaries of PN females,
mainly in relation to summer (P = 0.001 and P = 0.004, respec-
tively) (Fig. 5b). The ovarian lipid content of the BIL females
remained unchanged throughout the year (Fig. 5b). Furthermore,
during the autumn, the concentration of this substrate in the ova-
ries of the females sampled from BIL was higher than in those from
PN (P = 0.016) (Fig. 5b). No signiﬁcant difference was found in the
protein content in the ovaries throughout the year, or between the
reservoirs (Fig. 5c). The hepatic composition analysis of PN females
showed a lower concentration of lipids than in BIL females only in
winter (P = 0.043) (Fig. 5d).
3.6. Plasma levels of gonadal steroids
Plasma levels of E2 did not change in PN females. However, in
BIL animals, there was a sharp decrease in E2 levels during autumn
in relation to summer, which remained unchanged until spring
(P = 0.001 and P = 0.004, respectively) (Fig. 6a). The levels of
plasma E2 in the animals sampled from BIL during the summer
were three times higher than the levels found in PN females in
the same season (P = 0.002) (Fig. 6a). Similarly, in the winter, BIL
females showed 11-KT levels twofold higher than those found in
PN females (P = 0.050) (Fig. 6b). No signiﬁcant difference was
found in the plasma levels of 17a, 20b-DHP throughout the year
or between the females from different reservoirs (Fig. 6c).
4. Discussion
This study provides information on the reproductive plasticity
of H. malabaricus females in polluted environments. In general, it
is possible to identify that females of H. malabaricus in both reser-
voirs display spawning periods during summer and spring, with
group-synchronous oocyte development and multiple spawnings.
However, the dynamics of oocytes recruitment, metabolic and hor-
monal proﬁle associated with ovarian development and the outset
of the reproductive cycle shows a different pattern.
Fig. 2. (a) Gonadosomatic index and (b) hepatosomatic index of H. malabaricus
females from PN and BIL throughout the year (Mean ± SEM). ⁄Different symbols
represent signiﬁcant differences between reservoirs in the same season (Two-Way
ANOVA). abDifferent letters represent signiﬁcant differences within the same
reservoir throughout the year (Two-Way ANOVA).
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4.1. Water quality in the reservoirs
At the reference site (PN), a few physical and chemical param-
eters exceeded the values established by CONAMA (Brasil, 2005),
such as the recommended levels for the reproductive success of
tropical ﬁsh species (Lowe McConnell, 1987). In contrast, high lev-
els of nutrients and metals were detected at the polluted site (BIL),
due to the intense discharge of domestic and industrial sewage,
corroborating previous ﬁndings that showed the degradation of
water quality in BIL (Moreira et al., 2008; Moschini-Carlos et al.,
2010). It is well known that some metals substantially disturb
the physiology of ﬁsh, particularly ﬁsh endocrinology, acting as
EDCs. Indeed, according to Oliveira (2012), high levels of Cr, Cu
and Zn have been found in the organs of many ﬁsh species, includ-
ing H. malabaricus, in BIL. Therefore, we suggest that the physiolog-
ical changes identiﬁed occurred in response to the variability of
biotic and abiotic factors in both reservoirs.
4.2. Hormonal and metabolic adjustment
During the reproductive cycle, the increase in ovarian mass is
mainly characterized by the uptake of vitellogenin by the oocytes
in response to increased plasma E2 levels (Lubzens et al., 2010),
and GSI is an important quantitative indicator of this process
(Vazzoler, 1996). In the present study, PN females showed an
increase in the GSI during summer and spring, which was followed
Fig. 3. Phases of oocyte development and maturation stages of H. malabaricus. (a) Perinucleolar oocyte (PNO, arrowhead); (b) cortical alveoli oocyte (COA, arrowhead); (c)
vitellogenic oocyte (VO, arrowhead); (d) atretic oocyte (AO, arrowhead); (e) postovulatory follicles (POF, arrowhead); (f, g) different proportions between COA and VO in
females from PN (f) and BIL (g) during winter, respectively. In PN females many PNO oocytes (asterisk) and some COA (arrowhead) were observed during winter (f). On the
other hand, in females from BIL, a few PNO oocytes (asterisk), some COAs (arrowhead) and VOs (arrow) were identiﬁed during the same season (g). Periodic-acid-Schiff (PAS)/
hematoxylin/metanil yellow stain. Scale bars: 30 lm (a); 100 lm (b, c, f, g); 50 lm (d, e).
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Table 4
Absolute fecundity, percentages of vitellogenic and residual batches and vitellogenic oocyte diameters of H. malabaricus females from PN and BIL throughout the year
(Mean ± SEM).
Reservoir Season Absolute fecundity VTG batch (%) Residual batch (%) Diameter VTG (lm)
PN Summer 8472.2 ± 2832.22a 2.8 ± 0.31a 97.2 ± 0.31a 1738.7 ± 62.41a
Autumn 0.0b 0.0b 100.0 ± 0.00b 0.0b
Winter 0.0b* 0.0b 100.0 ± 0.00b 0.0b
Spring 10,588.8 ± 2006.70a 4.7 ± 1.61a* 95.6 ± 1.74a* 2021.7 ± 94.62a*
BIL Summer 5550.1 ± 2663.72ac 1.9 ± 0.46a 98.1 ± 0.46a 1650.7 ± 53.84a
Autumn 0.0b 0.0b 100.0 ± 0.00b 0.0b
Winter 3185.0 ± 2983.04ac# 0.4 ± 0.15c 99.6 ± 0.30b 799.7 ± 416.09c
Spring 7655.0 ± 2446.00a 1.4 ± 0.61a# 98.6 ± 0.35a# 1755.3 ± 124.62a#
abc Different letters represent signiﬁcance differences within the same reservoir throughout the year (ANOVA, P < 0.05).
*, # Different symbols represent signiﬁcance differences between reservoirs in the same season (ANOVA, P < 0.05).
Fig. 4. Oocyte diameter distribution in mature H. malabaricus females from PN sampled in (a) summer and (b) spring. Oocyte diameter distribution in mature H. malabaricus
females from BIL sampled in (c) summer and (d) spring. Frequencies are presented as the mean values. In the insets, the percentage of oocytes above 1000 lm in each
environment/season is detailed.
Fig. 5. Composition of tissues of H. malabaricus females from PN and BIL throughout the year (Mean ± SEM). (a) Ovarian moisture; (b) Ovarian total lipids; (c) Ovarian total
proteins; (d) Hepatic total lipids. ⁄Different symbols represent signiﬁcant differences between reservoirs in the same season (Two-Way ANOVA). abDifferent letters represent
signiﬁcant differences within the same reservoir throughout the year (Two-Way ANOVA).
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by high lipid content in the ovaries, suggesting an intense process
of vitellogenesis and gonadal maturation during this period. In
contrast, lipids and protein content in the ovaries of BIL females
remained high and unchanged throughout the annual cycle,
despite the same temporal change observed in GSI.
In general, the presence of pollutants in the water inhibits ﬁsh
metabolic processes, leading to a reduction in ovarian lipid content
(Kime, 1995), as observed in Astyanax bimaculatus, a teleost with
group-synchronous oocyte development (Vieira et al., 2013). How-
ever, in Oreochromis niloticus, a species with asynchronous oocyte
development, the exposure to metals results in an intense hepatic
mobilization of lipids to the ovaries, which helps prioritize and
anticipate the reproductive process under unfavorable conditions
(Correia et al., 2010). Our data show that H. malabaricus in BIL
and PN present group-synchronous oocyte development, which
corroborates the data from the literature (Caramaschi et al.,
1982; Araújo-Lima and Bittencourt, 2001; Prado et al., 2006).
However, the expected temporal change in the lipid proﬁle in the
ovaries is not a typical pattern in females living in a polluted
environment. Therefore, these data corroborate other studies,
whereby lipid metabolism can be altered in response to a wide
range of biotic and abiotic factors (Mozetto and Zagatto, 2006).
Based on the GSI, the presence of POF in the ovaries and the
fecundity data, it is possible to suggest that both, summer and
spring, are spawning seasons for females from both reservoirs.
However, in contrast to PN females, the fecundity and histological
analyses of the ovaries indicate the presence of early vitellogenic
oocytes in BIL females in winter, suggesting precocity in the vitello-
genic phase of these animals compared to the reference site. These
data were initially intriguing, inasmuch as in polluted environ-
ments it is common to ﬁnd delays or inhibition of gonadal matura-
tion (Jobling et al., 2002; Robinson et al., 2003; Segner et al., 2003;
Mills and Chichester, 2005; Prado et al., 2011; Vieira et al., 2013).
However, during winter, BIL females have twofold higher plasma
11-KT levels than PN females. Many studies have shown the role
of 11-KT in previtellogenic oocyte induced growth by the transfer
of lipids from lipoproteins to the ovaries, as observed in shortﬁnned
eel (Lokman et al., 2007), Japanese eel (Matsubara et al., 2003; Endo
et al., 2011), coho salmon (Forsgren and Young, 2012) and Atlantic
cod (Kortner et al., 2009). This role suggests that the early phase of
vitellogenesis observed in BIL females in winter may occur in
response to these higher levels of 11-KT, and may also explain the
lack of alteration in the ovarian lipid content throughout the year
and the reproductive plasticity in H. malabaricus.
The synthesis of vitellogenin is regulated by E2, and PN females
reach the vitellogenic stage of the reproductive cycle while main-
taining a low, unchanged level of this estrogen. The expression of
hepatic estrogen receptors (ER) is seasonally induced by increased
levels of estradiol (Boyce-Derricot et al., 2009; Nelson and Habibi,
2010, 2013; Nagler et al., 2012). However, the data suggest that
other mechanisms can upregulate the ER expression in PN females,
allowing an effective action of E2 during vitellogenesis. Further-
more, in contrast to the unchanged E2 levels at PN, BIL females
showed a higher frequency of vitellogenic batches and a peak in E2
levels during the summer, which seems to be necessary tomaintain
vitellogenesis. This longer reproductive period of BIL females could
be important for ﬁsh undergoing unfavorable conditions, and this
association was ﬁrst described many decades ago (Nikolsky,
1963). The percentage of lower vitellogenic batches and with smal-
ler diameter, also found in these animals, mainly in spring, reinforce
thehypothesis of a differentiated gonadalmaturationdynamics, as a
reﬂex of the metabolic and hormonal patterns observed, and dem-
onstrate the reproductive plasticity in H. malabaricus.
Considering the gonadal steroids that are mainly involved in the
late phase of the reproductive period, namely the progestogens,
our data show that even in the presence of POF during the spring
and summer, which indicates that an ovulation has occurred, the
plasma levels of 17a, 20b DHP do not change throughout the
annual cycle. This progestogen has been described as the matura-
tion-inducing steroid (MIS) in salmonids and many ﬁsh species
to date (Nagahama and Yamashita, 2008), but analyses of this ste-
roid have not yet been performed on any species of the Characifor-
mes order. MIS is the main steroid that stimulates the production
of maturation-promoting factors (MPF), which induce germinal
vesicle breakdown (GVBD) (Nagahama, 1997; Nagahama and
Yamashita, 2008). We assumed that the intervals between ovula-
tion and plasma samplings probably were not adequate for detect-
ing the 17a, 20b DHP peaks.
As mentioned, the presence of xenobiotics in the water and the
great variability of chemicals resulting from anthropogenic activi-
ties modify the reproduction of ﬁsh and other aquatic organisms in
various ways (Edwards et al., 2006; Edwards and Guillette, 2007;
Wu, 2009; Prado et al., 2011; Hued et al., 2013). Many effects of
pollutants, such as the reduction in GSI and the inhibition of ovar-
ian growth, can be attributed to changes in steroidogenesis (Kime,
Fig. 6. Plasma level of gonadal steroids in H. malabaricus females from PN and BIL
throughout the year (Mean ± SEM). (a) 17b-Estradiol (E2). (b) 11-Ketotestosterone
(11-KT). (c) 17a,20b-Dihydroxy-4-pregnen-3-one (17a,20b-DHP). ⁄Different sym-
bols represent signiﬁcant differences between reservoirs in the same season (Two-
Way ANOVA). abDifferent letters represent signiﬁcant differences within the same
reservoir throughout the year (Two-Way ANOVA).
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1995; Greytak et al., 2005; Game et al., 2006; Jessica et al., 2007).
Our data suggest that H. malabaricus is a species with a high allo-
static capacity (Wikelski and Cooke, 2006), using different mecha-
nisms and adjustments of the set-point of steroid levels, which
allow for survival and reproduction in polluted environments as
a classical rheostatic response (Mrosovsky, 1990).
5. Conclusions
We conclude that, even living in a polluted environment, H.
malabaricus females can reproduce. However, in polluted areas,
there is a longer reproductive period, which is possible owing to
adjustments in some steroid proﬁles, such as higher 11-KT level
during the pre-vitellogenic phase and the maintenance of higher
E2 levels during part of the spawning period. Therefore, we suggest
that this plasticity in the steroidogenic pathway provides H. mala-
baricus with reproductive mechanisms to survive and reproduce in
the studied polluted environment.
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